A CRITERION FOR SMOOTH WEIGHTED BLOW-DOWNS
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ABsTrRACT. We establish a criterion for determining when a smooth Deligne-Mumford stack is a weighted
blow-up. More precisely, given a smooth Deligne-Mumford stack X and a Cartier divisor £€ C X such that
(1) € is a weighted projective bundle over a smooth Deligne-Mumford stack ) and (2) for every y € Y we
have Ox (€)le, =~ Og, (—1), then there exists a contraction X — Z to a smooth Deligne-Mumford stack Z.
Moreover, the stack X' can be recovered as a weighted blow-up along ) C Z with exceptional divisor £, and
Z is a pushout in the category of algebraic stacks. As an application, we show that the moduli stack ﬁl,n
of stable n-pointed genus one curves is a weighted blow-up of the stack of pseudo-stable curves. A key step
is a reconstruction result for smooth Deligne-Mumford stacks that may be of independent interest.

1. INTRODUCTION

Blow-ups are arguably the most important kind of birational transformations between algebraic varieties.
Indeed, any rational map between smooth varieties X --+ Y can be factored as a composition of blow-ups
and blow-downs along smooth centers | ]. Similarly, classical desingularizations can also be factored
into a sequence of blow-ups. As such, it is natural to ask: given a variety X, when is it the blow-up of another
variety Y7 This is useful as usually Y is easier to understand than X. For smooth surfaces, the answer
is classical: Castelnuovo’s theorem says that X is the blow-up of a smooth surface Y if an only if it has a

rational —1-curve. For higher dimensional varieties, there are similar results due to Kodaira | | and
Grauert | | (for contracting n-dimensional projective spaces), to Moishezon | | (in the complex
manifold case) , and to Artin | | (in even greater generality).

In the realm of algebraic stacks, there is a natural generalization of blow-ups: weighted blow-ups | ,

|. Rather than being defined by a single ideal sheaf, these are characterized by a sequence of ideal

sheaves which satisfy a compatibility condition (see Definition 2.1). Note that two birational algebraic stacks

need not be related by a sequence of blow-ups (e.g. root stacks), so the extra flexibility of weighted blow-ups
yields better algorithms for resolution of singularities | ]

Just as with classical blow-ups, a weighted blow-up X — Z is an isomorphism on the complement of a
closed substack, which we call the reduced center of the weighted blow-up. Thus, weighted blow-ups yield
birational transformations between algebraic stacks, and sometimes they even introduce new stacky structure.
Indeed, the exceptional divisor of a weighted blow-up is a weighted projective bundle over ): this is a stack
which, locally over ), looks like the base times P(az, ..., a,). This is the quotient stack [A™ \ {0}/G,,,] with
G, acting linearly with weights a1, ...,a,. Then a natural question is: given an algebraic stack X', when is
it the weighted blow-up of an algebraic stack Z7?

Theorem 1.1. Let X and Y be smooth tame and separated Deligne-Mumford stacks, and let m: E — Y be a
weighted projective bundle with positive dimensional fibers. Assume that there is a closed embedding € — X
with € a Cartier divisor in X, such that Ox(E)|e = Og(—1) @ m*L for a line bundle L over Y.

Then there is a smooth, separated and tame Deligne-Mumford stack Z, with two maps i : Y — Z and
p: X — Z such that i is a closed embedding and p is a weighted blow-up with reduced center ). Moreover,
the resulting square is a pushout in algebraic stacks.
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As a sample application, we show the following.
Theorem 1.2. Let ﬁl,n be the moduli stack of stable n-pointed curves of genus one, with n > 2.

(1) there is a contraction My , — ﬁin which sends the divisor Ao, of curves with elliptic tails to a
closed substack isomorphic to Mo)n+1. This contraction is a weighted blow-up.

(2) The stack ﬂ;n is isomorphic to the moduli stack of pseudo-stable curves ﬁf: [ , Sec. 5], hence
My, is a weighted blow up of Mrfsn

See also | | for the case n = 2, and | | for further applications of this criterion.
Finally, in Section A Stephen Obinna studies how Theorem 6.1 changes if one replaces Og(—1) with
Og(—m) (see Theorem A.1).

1.1. Strategy of proof. Our strategy for proving the main theorem is the following: we first prove that
the hypotheses of the main theorem imply the existence of a contraction at the level of coarse spaces.

We leverage this first result to prove the main theorem in the simpler case of J = Spec(A) an affine
scheme and € ~ Py(ay,...,a,): in fact Y being a scheme implies that locally around £ the stack X is a
scheme away from &, hence the contracted stack can be obtained by gluing X \ £ and a neighbourhood of
Spec(A) in the contracted coarse space. More effort is needed in order to prove the smoothness of this stack,
and that X" is a weighted blow-up.

We then extend the previous result to an equivariant setting, i.e. we suppose that a finite group G
acts on all the stacks involved, and all the maps are equivariant, and we prove that the G-action extends
to the contracted stack. This easily implies our main theorem in the case Y = [Spec(A)/G] and & =
[Pa(a1,...,a,)/Gl.

We lift then the contraction of the coarse spaces to a contraction of smooth Deligne-Mumford stacks, thus
proving our main theorem. We start by showing that the contracted coarse space has only finite quotient
singularities, hence it can be regarded as the coarse space of a smooth Deligne-Mumford stack Z. This
requires extending stacky structure along open immersions and we prove results along these lines.

1.2. Organization of the manuscript. The manuscript is organized as follows. Section 2 begins with a
brief introduction to weighted blow-ups and their main properties. In Section 3 we prove an extension result
for Deligne-Mumford stacks (see Theorem 3.1). In Section 4 we construct an algebraic space Z, which will
be the coarse moduli space of Z, using | |. We also prove that Z is normal, which will be useful later,
as it will allow us to apply Zariski’s main theorem to prove that certain maps are isomorphisms. Section 5
contains the most technical results: roughly speaking, we prove the case where the coarse moduli space of
Y is affine and finite over an affine scheme B. The core argument is Theorem 5.2, which is an adaptation of
the proof of Castelnuovo’s theorem in | ]. In Section 6 we prove the main result. Using the results of
Section 5 we construct Z étale locally over Z. By using Theorem 3.1 and Zariski’s main theorem we prove
that the local constructions glue, and give the desired algebraic stack Z. In Section 7 we give an application
of our main result to some moduli stacks of curves: namely, let ﬂl,n be the moduli stack of stable n-pointed
curves of genus one. Then we use our theorem to construct a contraction M, — ﬁin which sends the
divisor Ay, of curves with elliptic tails to a closed substack isomorphic to ﬂomﬂ. The stack ﬁfn turns
out to be isomorphic to the moduli stack of pseudo-stable curves M?fn, thus exhibiting ﬂl,n as a weighted

blow up of M?sn Finally in Section A Stephen Obinna shows how Theorem 1.1 changes if we assume instead
that Og(—1) is replaced with Og(—m).

Conventions. We work over a field k& which is algebraically closed. Unless otherwise stated, all our algebraic
stacks will be with affine stabilizers and locally excellent.
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2. INTRODUCTION TO WEIGHTED BLOW-UPS

This section is organized in two subsections, where we first introduce weighted blow-ups in general, and
then we specialize to regular weighted blow-ups: a particular type of weighted blow-ups.

2.1. Weighted embeddings and weighted blow-ups. This introduction to weighted blow-ups is based
on the work of Quek and Rydh | ]. Intuitively, an ordinary blow-up is constructed by replacing the
center with a projective bundle which parameterizes the normal directions to the center in the ambient space.
When considering weighted blow-ups, the same intuition holds with the added subtlety that each normal
direction has a (positive integer) weight. This intuition highlights that the datum of a closed embedding,
which is all we need in order to define an ordinary blow-up, is no longer enough. In fact, for each choice
of basis for the normal directions, we need to specify the positive integer weight. This data is given by a
weighted embedding.

Definition 2.1 (| , Def. 3.1.1]). A weighted embedding Y, < X is defined by a sequence of closed
embeddings {Y;, = V(I,) = X },>0 such that:

e [p DL D---DI,D...
o Iy Clyim
e Locally in the smooth topology on X, there exists a sufficiently large positive integer d such that for

all integers n > 1,
d
I, = (Ii1[é2 Iclld c l; €N, lez :n)
i=1

in which case, we say I, is generated in degrees < d.

The three conditions above are the conditions that the filtration of ideal sheaves needs to satisfy in order
to be a Rees algebra.

Definition 2.2. The weight of a local coordinate will be the maximum index n such that I,, contains said
local coordinate.

Example 2.3. Consider the sequence of ideals
klz,y] O (z,y) D (¢%,y) D (2°,2y,y°) D (2,4, 2°y) O ...

These ideals define a weighted embedding 0o of the origin in AZ. In this case, the weights will be 1 for x
and 2 for y, and this weighted embedding will define the weighted blow-up of the origin in A% with weights
(1,2).

Definition 2.4 (Weighted blow-up). Let Y, < X be a weighted embedding defined by the ideal sheaves I,,
and let I, = @ I,t" C Ox]|t]. Let I} be the ideal generated by ¢t. The weighted blow-up of X at Y = V (I3)
is defined as the morphism

Bly X i= Projy (I.) = [(Specx (I.) \ V(1+))/Gu] = X
where Proj is the stack-theoretic proj.

The same morphism is obtained by considering the extended Rees algebras:
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Remark 2.5. Let Y, — X be a weighted embedding defined by the ideal sheaves I, and let I¢"t =
P, ez Int" C Ox [tT1] with I, = Ox for n < 0. The weighted blow-up of X at Y can also be defined as the
morphism Projy (I¢*%) — X, see | , Rmk. 3.2.4].

The definition of weighted blow-up via I¢** as in Remark 2.5 will often make for an easier description, as
in the following example.

Example 2.6. Given the weighted embedding in Example 2.3, we can explicitly write BloA? = A? via

Bl AQ ~ PI‘Oj k‘[.]?, y] [S,le,y/]
’ (z —sa',y — s?Y)

where s has degree —1, x' has degree 1 and y' has degree 2. Similarly, the weighted blow-up of the origin in

A™ with weights (a1, . ..ay) will be
klxy,...xq)[s, 2}, ... xl]

(r1 — sl ..., xp — saﬂx’n)>

BlgA™ = Proj (

with x) in degree a; and s in degree —1.

Remark 2.7. Example 2.6 can also be obtained as in | , Sec. 2.2|. In particular, it is the open substack
of [A"T!/G,,], given by the complement of the points of the form (0, ..., 0, s), where the action of G, on the
coordinates of A" is with weights (a1, ..., @y, —1).

Lastly, we cite the two main properties of weighted blow-up, | , Thm. 3.2.9 and Cor. 3.2.14].
Theorem 2.8 (Universal property of weighted blow-ups). Let Y, be weighted embedding induced by the Rees
algenbra I,, and let m: X' = Bly X — X the induced weighted blow-up.

(1) For every n € N we have n=1(I,,) - Ox/ C I% which is (locally on X) an equality for a sufficiently
divisible n;

(2) Let f : T — X be a morphism such that U := T \ f=1(Y) is schematically dense. The groupoid
of factorizations through w is equivalent to the set of effective Cartier divisors D on T such that
f7YI,) - O C I} for all n, with equality for sufficiently divisible n (locally on T). If f = mwog, then
D =g Y(E).

Theorem 2.9 (Flat base change). Let f : X’ — X be a flat morphism. Let Yo — X be a weighted embedding

with ideals I,, and let Y — X' the induced weighted embedding with ideals f~1(I1,,)-Ox:. Then the following
square is Cartesian

Bly: X' —— Bly X

! |

2.2. Exceptional divisor of a weighted blow-up. In this subsection we introduce a special kind of
blow-up that will be of interest in this article.

Definition 2.10 (Exceptional divisor). The inclusion I4+1 C I, induces an inclusion Op;, x (1) = Opiy x.-
We define £ as the Cartier divisor associated with this inclusion. In particular by construction we have
OBy x (=€) = Opiy x (1).

Note that, as we can see in the next example, it is no longer the case that the diagram

& —— BlyX

L

Y — X
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is Cartesian unless all the weights are 1 (and we are in the case of an ordinary blow-up).

Example 2.11. Consider the blow-up of the origin in A? computed in 2.6. Then the exceptional divisor
corresponds to the the locus V(s). In particular

£ == Proj ([, /)

with &' in degree 1 and y' in degree 2, which is exactly the weighted projective space P(1,2). On the other
hand, with the same degrees,

k', y, 8]
Y xx Bly X =2 Proj [ —X%—
SR ((wf,s?y')
which has some nonreduced structure.

Nonetheless, it is the case that the exceptional divisor and the fiber product Y x x Bly X have the same
reduced structure. The following observation will be useful later.

Remark 2.12. In the Example 2.6, the exceptional divisor can be obtained as the zero locus V(s). It follows
that 7,0piyan (—kE) = I, and hence BloA™ = Proj(P, m«Opi an (—kE)).

In this manuscript we will only deal with a special type of weighted blow-up, those which in | , Sec.
5.2] come from a regular weighted embedding, and which we call a regular weighted blow-up:

Definition 2.13. The weighted blow-up B — X of X at Y is a regular weighted blow-up if:

(1) there are positive integers aq, ..., a,, and
(2) there is a smooth cover X’ — X with a map X’ — A™ which is flat at the preimage of the origin,

such that B X x X’ = X’ xan BlgA"™, where BlyA"™ is the weighted blow-up of 0 in A™ with weights a1, ..., a,
as in Example 2.6.

In other terms, a regular weighted blow-up is a weighted blow-up which, locally in the smooth topology
on the center, is the flat pull-back of the weighted blow-up of the origin in A™ of Example 2.6. Observe also
that, from | , Tag 062H], the preimage of x1, ..., 2, is a regular sequence in X’. So the center Y has as
ideal sheaf a regular sequence.

Remark 2.14. Let X be a scheme and let fi, ..., f, a regular sequence in Ox. Then by | , Ex. 18.18] the
map X — A" given by the f; is flat along the preimage of the origin in A™. In particular, from Theorem 2.9,
the weighted blow-up of V(fi, ..., fn) where f; has weight a; is a regular weighted blow-up, and it is the
pull-back of the weighted blow-up of the origin in A", with weights a4, ..., a,,. So a weighted regular blow-up
is the blow-up given by a sequence of ideal sheaves which in | , Sec. 5.2] is called a regular weighted
embedding.

Definition 2.15. A weighted affine bundle is a G,,-equivariant A"-bundle N — Y where locally in the
smooth topology G,, acts linearly on A™ with positive weights a1, ..., a, € Z. Moreover, a weighted projective
bundle over Y is the stack quotient P(N) = [N \ Ny/G,,,], where A is the zero section in A.

Example 2.16. Let N = Specy (R) be a weighted affine bundle of rank 2 with weights (1,2), and suppose
there is a Zariski coveringY = U U U’ such that Ry = Oy|z,y] and R|y = Oy 2, y] with Gy, acting by
multiplication with weight 1 on x,x’ and weight 2 on y,y’. The transition functions for N' will map

2= ar; Y ﬂer'yzz

with o, B € F(U N U’,O;}ﬂU/), v e F(U N U/, OUQU/).
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Remark 2.17. From | , Prop. 5.1.4], the exceptional divisor of a weighted blow-up is a weighted
projective bundle if and only if it comes from a regular weighted blow-up. In particular for us, as we only
deal with regular weighted blow-ups, all the exceptional divisors will be weighted projective bundles over
the center of the weighted blow-up.

We end this section with the following proposition:

Proposition 2.18. Let w: X — Y be a morphism of algebraic stacks, and assume that:

(1) There is a smooth cover Y — Y such that my : X xy Y =Y is a weighted blow-up, and
(2) There is a Cartier divisor £ C X such that £ xXy'Y is the exceptional divisor.

Then X — Y is a weighted blow-up.

In particular, if one has the Cartier divisor £, one can check that a morphism is a weighted blow-up locally
on the target.

Proof. There is an embedding Ox(—m&) — Ox given by the Cartier divisor £ for every m > 0, which
induce embeddings i, : 1. Ox(—mE) — m.Ox. The canonical map Oy — 7, Oy is an isomorphism. Indeed,
it suffices to check that it is such locally on Y, and on Y it is an isomorphism as 7y is a weighted blow-up.
In particular, 7,, gives an ideal sheaf I,,, for every m > 0.

Consider then X’ the weighted blow-up associated to the weighted embedding given by the I,,. We aim
to show that X = X’ using the quotient description of a weighted blow-up of Remark 2.5. In particular, it
suffices to find a line bundle £ on X, and a G,-equivariant morphism

Speco,, (@ £®ﬂ> — Specg,, <ED In>

nez neEZ

where I,, = Oy for n < 0, which is an open embedding landing away from V(€D,,~ In), the closed substack
given by the vanishing of the ideal sheaf generated by € I,,. A morphism as the one above is equivalent
to a morphism as below over )

n>0

P 1. — Pt

nez nez
One can take £ := Ox(—&), and the identity map I,, = m.Ox(—nE) = m.Ox(—n&) for every n. Then it
suffices to check the desired statement replacing X with X := X xy Y and Y with Y. In this case, let J, be
the sequence of ideals of the weighted blow-up X — Y, and let FE be the exceptional divisor. As Ox(—F)

is the ideal sheaf corresponding to the natural inclusion Jey1 — Jo (see | , Def. 3.2.2]), one has that
mOx (—nkE) consists of the invariant elements, namely the elements of degree 0, so T.0x(—nE) = J,. In
particular I,, = J,, for every n € Z as desired. O

3. RECONSTRUCTION RESULTS FOR SMOOTH DELIGNE-MUMFORD STACKS

Fix a field k£ and a smooth separated tame Deligne-Mumford stack ) over k. By | , Thm. 1] if Y has
trivial generic stabilizer, one may factor the coarse space morphism 7: Y — Y as follows

Y VD0 5 V(D e) Y Y

where (—)®" denotes the canonical stack associated to a stack with finite tame quotient singularities (see
[ , Sec. 2]), (D, e) denotes the ramification data of ) — Y and /Y@ /(D, e) denotes the associated
root stack. Using this we will prove the following:
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Theorem 3.1. Let X be a separated k-scheme of finite type and suppose U is a dense open subscheme of X
with complement of codimension > 2. Consider the coarse moduli map U ~— U where U is a smooth tame
Deligne-Mumford stack and let (D, e) denote the (unique) extension of the ramification data of U — U™ to
Xean when the latter exists. If X and /X /(D,e) both have finite tame quotient singularities, then there
is a unique smooth tame Deligne-Mumford stack X fitting into the cartesian square

open
oz

u - X

|
I
J{ | cms

U— X.
In particular, X is uniquely determined by U and X.

Example 3.2. The conclusion of Theorem 3.1 fails without the condition that /X /(D,e) has finite tame
quotient singularities. Indeed, take X = A3 and the Cartier divisor D = V(xy + 2%) C X, and consider the
root stack of degree 2 of U = X ~{(0,0,0)} along D° = D~{(0,0,0)} and denote it byUd = \/U/D°. HereU
is smooth because D° is smooth. Indeed, U is the stack quotient of Spec(Oy[T]/(T"™ — (zy + 22))) by p, with
the obuvious action and the latter is smooth over U. Howewver, there is no smooth separated Deligne-Mumford
stack X with coarse moduli space X which is ramified at D with degree 2 (see | , Ex. 7]).

Remark 3.3. Suppose X is as in the first two sentences of the statement of Theorem 3.1. Since ramifica-
tion data, the root stack and canonical stack constructions are all compatible with étale base change then
the condition that X and /X2 /(D,e) both have finite tame quotient singularities can be checked after
replacing X with an étale cover X’ — X. Moreover, it automatically holds for such an X’ if there is a
smooth tame Deligne-Mumford stack X’ fitting into a cartesian diagram

Z/[/ X/

|

U ——X'.
where U =U xx X', U' =U xx X', and both Y’ — U’ and X’ — X' are coarse moduli maps.
We begin by analyzing the category of finite étale covers Fetx over a stack X.

Lemma 3.4. Let Y be a regular Deligne-Mumford stack and V- C'Y an open substack with complement of
codimension at least 2. Then the functor

X=>Y—>Xxy VoV
induces an equivalence of categories between Fety and Fety .

When Y is a scheme this is | , Exp. 10, Cor. 3.3]. The general case follows by descent and we omit
the proof.

Lemma 3.5. Let Y be a reqular Deligne-Mumford stack and V C'Y an open substack with complement of
codimension at least 2. If X — Y is a separated Deligne-Mumford gerbe such that X xy V is trivial (i.e.
admits a section o), then X — 'Y admits a section which extends o.

Proof. The triviality of X over V corresponds to the existence of a Gy -torsor on X xy V for some finite
étale group scheme Gy over V such that the associated map X xy V. — BGy is an equivalence. By
Lemma 3.4, Gy extends uniquely to a finite étale group scheme G over X and this extends to a morphism
of stacks f: X — BG which is an equivalence over V. However, morphisms between étale gerbes over
Y are equivalences when they are so on a dense subset of Y. Indeed, we can check this étale locally so
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we may assume X = BG' where G’ and G are constant. Thus f étale locally corresponds to an element
a € Hom(G',G)(Y) (see | , Lem. 3.9]), and since f is an equivalence on a dense open subset of Y, «
must be an isomorphism. It follows that f is an equivalence. O

Lemma 3.6. Let Y be a reqular Deligne-Mumford stack, V. C'Y an open substack with complement of
codimension at least 2, and V — V' a gerbe banded by a finite constant group G whose order is invertible in
k. Then there is a gerbe Y — Y, banded by G, along with an equivalence of G-gerbes ¢ : Y|y — V over V.

Proof. Recall that if G is a sheaf of groups on a Deligne-Mumford stack S, H2(S7 G) parametrizes the
isomorphism classes of G-gerbes on S. Thus when G is a product of group schemes of the form p,,, the
lemma can be deduced from purity of Brauer group (see | , Thm. 1.1]). Indeed, the Kummer sequence
and the fact that H*(Y,G,,,) — H*(V,G,,) is an isomorphism (see, e.g., | , Prop. 2] or [Mei]) yields
the result. When G is abelian, there is a finite étale cover Y’/ — Y such that G|y is a product of group
schemes of the form p,,. Now the result can be deduced for arbitrary abelian G by considering the natural
exact sequence
0—-G— Ry//y(G‘y/) —A—0

where Ry /y(Gly-) is the Weil restriction and A is the cokernel. Note that A is finite and étale. Indeed,
compare the long exact sequences associated to H(Y, —) and H°(V, —) to obtain:

H! (Y, Gly+) ——— HA (Y, A) —— H(Y, G) ——— HX(Y", Glys) —— H2(Y, 4)

J L] l |

HY(V xy Y',Gly/) —— HY(V,A) —— H*(V,G) —— H*(V xy Y',G|y)) —— H*(V, A)

Now Lemma 3.4 implies the first two vertical arrows are isomorphisms, Lemma 3.5 implies the last two
vertical arrows are injective, and the p,, case implies the fourth arrow is an isomorphism. The isomorphism
H?(Y,G) — H*(V, G) now follows from the five lemma.

For non-abelian G with center Z(G), we describe an action of H*(S, Z(G)) on H?(S, G) that is functorial
inS. Given Z — S and G — S a Z(G) and G gerbe respectively, the action of Z sends G to (£ x G) J Z(G):
the rigidification of Z x G by the diagonal subgroup Z(G) of the inertia stack Izxg. It follows from
[ , Thm. 3.3.3] that this action is simply transitive, i.e., H*(S, G) is a H*(S, Z(G))-torsor. In particular,
there is a Z(G)-gerbe Zy — V such that V = (2y x BG) J/ Z(G). Now, since the result holds for abelian
group schemes, we can extend the Z(G)-gerbe Zy — V to a Z(G)-gerbe Z — Y and conclude by setting
Y:= (2 x BG) | Z(G). O

Next we show that the extension of this gerbe is unique in the following sense: any two extensions are
isomorphic and any two isomorphisms between them are uniquely 2-isomorphic.

Lemma 3.7. Let Y be a regular Deligne-Mumford stack, V. C Y an open substack with complement of
codimension at least 2 and suppose Y and Y’ are Deligne-Mumford gerbes over Y then:

(1) any equivalence of stacks f: Y|v — V'|v over V extends to an equivalence Y — Y’ over Y and

(2) given two equivalences Y @b, V' and a 2-isomorphism s: aly — bly, then there is a unique 2-

isomorphism o : a — b extending s.

Proof. For the first statement, consider the stack of equivalences between )’ and )’

I = Isomy (Y, )").
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Every y € Y (k) admits an étale neighbourhood W — Y such that
I xy W 2 Isomy, (W x BG,W x BG")
for finite constant group schemes G and G’, and by | , Lem. 3.9] we have
Tsomy, (W x BG, W x BG') 2 [Isom(G, G')/G'] x W.

where G’ acts by post-composing with conjugation. This shows that I is a separated Deligne-Mumford
stack. Moreover, the functor of isomorphism classes of I is representable by a scheme H finite étale over
Y, because étale locally over Y the functor of isomorphism classes of I is just the schematic quotient
(Isom(G,G")/G") x W, which is étale over W. Therefore, I — H is a gerbe.

Now, since f defines a section of I — Y over V, H — Y also has a section over V, and by Lemma 3.4 this
yields a section o of H — Y: indeed, we can regard V' — H|y as a morphism of finite étale covers, hence
the categorical equivalence yields an extension Y — H, which must still be a section. Now, as the projection
Y Xoug I — Y has a section f over V, by Lemma 3.5, the gerbe Y X, g I — Y admits a section extending
f-

The second part follows from Zariski’s main theorem. Consider the following cartesian diagram

Isom(a,b) ——— T

| |
(a,b)

I ——— I xy I

Observe that 7 has a section over I xy V C I, so if we denote by W the closure of its image in Isom(a, b),
then the corresponding map W — I yields a section. Indeed, it is a finite, representable and birational
morphism with a normal target, therefore must be an isomorphism. (|

Lemma 3.8. Let X be a regular Deligne-Mumford stack, U — X an open substack with complement of
codimension at least 2, and p: U — U a gerbe. Assume that U is separated over U. Then there is a smooth
and separated Deligne-Mumford stack X — X which is a gerbe, and which fits in a cartesian diagram as
follows:

U——=x

| |

U——X.

Proof. We may assume X is irreducible. Since Y — U is a separated Deligne-Mumford gerbe, for any point
p € U the pullback of U along the strictly local ring R, at p in U yields an isomorphism Ur, = BG,, for a
finite constant group scheme G, over R,. If n € U denotes the generic point then every p € U has a strictly
local ring with a natural map R, — R,, thus we see that the abstract group associated to G, doesn’t depend
on p € U and so we denote it by G. In particular, the band of U, which we will denote Band(lf), is locally
isomorphic to (the band associated to) G. Thus, the sheaf in the stack of bands By = Isomp,, q(Band(Uf), G)
is a (left-)torsor under Isomp, 4(G,G) = Out(G). Moreover, the Out(G)-torsor By — U has the following
property: the cartesian product By := By Xy U is a gerbe over By banded by G. Observe now that:

(1) the Out(G)-torsor By — U extends to an Out(G)-torsor Bx — X by Lemma 3.4,
(2) the banded G-gerbe By — By extends to a banded G-gerbe Bx — Bx by Lemma 3.6, and

(3) the (strict) action, as in | , Def. 1.3 (i)] of Out(G) on By extends to Bx by Lemma 3.7.
Now we may set X = [Bx/Out(G)]. It is a gerbe over X since we may check this locally on X. Indeed,
X|By = Bx and the latter is a gerbe over Bx. It also extends the given gerbe U since, by | , Prop.

2.6], the formation of the quotients commutes with étale base change. O
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Proof of Theorem 3.1. By | , Ex. A.3|, we can factor the map U — U as
UsSu u
where the map a is a gerbe, and U is a smooth tame Deligne-Mumford stack with generically trivial
stabilizers.
Using the unique extension of the ramification data of U4 — U to X°*" and the process outlined by

[ , Thm. 1.1] there is a unique smooth tame Deligne-Mumford stack with generically trivial stabilizers
X, equipped with a coarse space map

x Y x
such that o’ extends b. The result now follows because we may extend the gerbe U — U uniquely to a gerbe
X — X1 by Lemma 3.8. O

4. CONTRACTION ON COARSE MODULI SPACES

This section is divided into two subsections. First, we will present some result on deformation theory
which will be useful for the rest of the manuscript. In the second half we will prove Theorem 4.7.

4.1. Deformation theory and algebraization results.

Proposition 4.1. Let f : £ — Y be a proper morphism of Deligne-Mumford stacks, and let & — &' be a
square-zero thickening of € with ideal sheaf I. Assume that R f.I = 0 and that the natural map Oy — f.Og
is an isomorphism. Then there is a square zero extension t:Y < Y’ as below

E——¢&
fl e
y >3;’

such that
(1) the square above is a pushout in algebraic stacks,
(2) the ideal sheaf of Y in Y’ is isomorphic to v fil, and
(3) fiOgr = Oyr.

Moreover, if Y is separated also &' — Y’ is proper.

Observe that we are not claiming that the diagram of Proposition 4.1 is cartesian, and in fact it is not
true in general.

Proof. We formulate the desired problem in terms of extensions of cotangent complexes. All the maps will
be over an algebraic stack S, so we will write Ly for Ly /s, and similarly for £ and £’. From | , Thm.
1.1]%, the extension & — £’ corresponds to an element o € Ext'(Lg, I). There is an exact triangle f*Ly —
Le — Lgyy L, which induces

Ext!(Lg, I) — Ext'(f*Ly, I) = Ext'(Ly, Rf.I).

We denote the composition by g. Moreover, there is an exact triangle

fol = RfJI — ms R 25

IWhile the results in [ | are stated for representable morphisms of algebraic stacks, one can check that they go through
for morphisms of algebraic stacks which are representable by Deligne-Mumford stacks.
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inducing the maps
Ext'(Ly, £.1) & Ext'(Ly, Rf.T) — Ext'(Ly, rs1 RfT) 5 .

It follows from | , II1.2.2.1], using simplicial schemes as in | |, that one can find )’ as above if and
only if g(«) belongs to the image of h. This, in particular, holds if Ext'(Ly, 751 Rf.I) = 0, and in our case

Ext!(Ly, >1Rf. 1) = Ext®(H°(Ly), R' f.I) = 0

where the first equality follows since the cotangent complex of a Deligne-Mumford stack is in non-positive
degrees, and 7>1 Rf.[ is in degrees greater than 0. The second equality instead follows from R!f,I = 0.
Observe that such a stack )’ is unique (up to unique isomorphism): in fact, any two solutions to the
deformation problem above would differ by an element of Ext’ (Ly,m>1Rf.I), and this group is zero again
because the cotangent complex is concentrated in degrees < 0 and the other complex is in degrees > 1.
Recall also that the cotangent complex formalism fills the diagram above, together with any 2-isomorphism,
in the following sense. Given a triple (f1, f2,0) consisting of f1 : ¥ — S, fo : & — S and an isomorphism
o:(f1)le = (f2)|e, the cotangent complex formalism produces:
(1) an extension )’ as above,
2) amap Y — S,
(3) an isomorphism ¥ : (€ =& = YV) = (€ =Y =Y,
4) an isomorphism between ) — S and Y — )Y’ — S,
(5) an isomorphism between £ — S and £’ — V' — S.
By pulling-back the last two isomorphisms to £ and by composing them with 3, they give o.

To prove that f.Og = Oy, it suffices to push-forward the exact sequence 0 — j,.I — Ogr — j.Og — 0.
From the vanishing of R!f,I, one has the following diagram:

0 Ly f*I Oy/ [ Oy 0
0 figsl [0 — [1jiOg —— 0
and the snake lemma gives the desired isomorphism. |

Remark 4.2. To construct Y’ we only used that Ext®(H°(Ly ), R f.I) = Hom(%., R* f.I) = 0, rather than
the stronger R!f,I = 0. Moreover, we only used that f,Og = Oy to guarantee that also f/Og = Oy.

Remark 4.3. From the last paragraph of the proof of Proposition 4.1 one can obtain a different proof
of Proposition 4.1 in the category of schemes. Indeed, one can simply construct ), locally over an affine
neighbourhood Spec(A) C Y, as Spec(H0(5'|SpeC(A))).

Corollary 4.4. Consider a diagram of Deligne-Mumford stacks as follows

E——X

/|

N
let I be the ideal sheaf of £ in X and let n€ be the closed substack of X with ideal sheaf I'™". Assume that f
is proper and that Y is separated. Assume also that, if we denote by I'™) the ideal sheaf of n€ in (n+1)E,

(1) the canonical map Oy — f.Og is an isomorphism and
(2) R f.* 1™ =0 for everyn > 1.
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Then there is a commutative diagram as follows

E——néE —X

fl f(n)
Yy >ny
such that the canonical map Opy — f,S”)Ong is an isomorphism. Moreover, the square above is a push-out

in algebraic stacks.

Proof. The proof follows from repeatedly applying Proposition 4.1. |

Proposition 4.5. Consider a commutative diagram of Deligne-Mumford stacks, where v and j are closed
embeddings, f is proper, g is an isomorphism over Z Y, and £ — Y Xz X is a homeomorphism

E—Xx

Tl

y%z

Let I be the ideal sheaf of £ in X and let n€ be the closed substack of X with ideal sheaf I™. Assume also
that, if we denote by I™) the ideal sheaf of n€ in (n + 1), then

(1) the canonical map Oy — f.Og is an isomorphism,

(2) R ' I™ =0 for everyn > 1, and

(3) for everyp € Y there is an étale neighbourhood Spec(A) of p in Z such that, if J C A is the ideal of
Y in Z, then lim, (A/J") 2 lim, H°(O,gx . Spec(4))-

Then the square above is a push-out square in the category of algebraic stacks.

Remark 4.6. In the proof of Proposition 4.5 will use our assumptions on all the stacks being essentially

of finite type and with affine stabilizers, to apply | , |. Moreover, condition (3) in Proposition 4.5
always holds if all stacks above are algebraic spaces and if Z is constructed using | |, see | , Lem.
6.5].

Proof. We first focus on the case in which Z = Z = Spec(A) as in point (3), and so ) is a scheme which we
denote by Y. Let A := lim,, (A/J™), let 7 := Spec(A) and let S be an algebraic stack with maps X — S
and Y — S, and an isomorphism (€ =Y — 8) = (£ - X = S5).

First we prove that there is a morphism Z—>S extending Y = Spec(A/J) — S. Indeed, from Tannaka
duality | , Thm. 1.1], we have an equivalence of groupoids

Hom(Z,S) = Hom(Coh(S), Coh(Z)).
Since the pair (Spec(A4/.J), Z) is coherently complete, we have that
Hom(Coh(S), Coh(Z)) = Hom(Coh(S), lim Coh(Spec(H"(n€)))) = lim Hom(Coh(S), Coh(Spec(H"(n€))))
which using Tannaka duality again gives us

Hom(Z,S) 2 lim Hom(Spec(H®(n€)), S).

Therefore it is enough to find a compatible sequence of morphisms Spec(H"(n&)) — S. This follows from
Corollary 4.4.
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Therefore we have the following diagram:

E— 37Xz X — X

]

~

Y A Z

and we have maps X — S and Z — 8. We need to check that they agree. This follows again from Tannaka
duality. Indeed, the pair (Z xz X, €) is coherently complete, so

Hom(Z x 7 X,8) = lim Hom(Spec(A/I™) x z X,8) = Hom(n&, S)
where the last equivalence follows since the topological spaces of £ and Spec(A/I) x z X agree, so if 7, are
the ideal sheaves of Spec(A/I™) xz X, then the sequences of ideals {7,} and {Ox(n€)} are such that for

every m > 0 there is an n > 0 such that 7, C Ox(—m&) and Ox(—n&) C T,
Therefore we can safely add the arrows to S, with no ambiguity:

5*>Z><ZX*>X

| LN

Y Z Z S
\_/r

But now observe that Z — Z is flat, it induces an isomorphism on Y, and the map X — Z is an isomorphism
on Z N\ Y. Therefore in the following diagram, both the left square and the outer square are pushouts from
[ , Thm. Al:

Zxz(Z\Y)——ZxzX ——7
ZNY =X\€&

X
So also the right square is a pushout.
The general case when Z is a Deligne-Mumford stack follows from étale descent (to construct the map
Z — 8) and the fact that the group of isomorphisms form a sheaf, and this enables us to construct the two
isomorphisms (¥ - S) = (X -2 —-S)and (Y =>S) > (Y= 2= S). O

N——

4.2. Proof of Theorem 4.7. The goal of this section is to prove the following result:

Theorem 4.7. Let Y be a separated, smooth tame Deligne-Mumford stack and let w: € — Y be a weighted
projective bundle with positive dimensional fibers. Suppose we are given a closed embedding €& — X of
codimension 1 (i.e. £ is a Cartier divisor in X ) where X is a smooth tame and separated Deligne-Mumford
stack. Furthermore, assume that the normal bundle Ng‘;{ is isomorphic to Og(—1) @ 7*L for a line bundle
L on'Y. Then there exists a contraction

F—— X
lp ip
Y «--— 7

at the level of coarse moduli spaces such that:

(1) p is an isomorphism away from E,
(2) p is projective,
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(3) p.Ox ~ Oy,

(4) there is a highly divisible integer £, an isomorphism Q% =~ @k (p«Oker) where the completion of
Oz is with respect to the ideal sheaf of Y, k{E is the coarse space of the closed substack with ideal
sheaf Ox(—kLE), and p is as in the diagram above.

(5) Z is a separated normal algebraic space withY — Z a closed embedding.

Moreover, given any other algebraic space Z' and morphisms X — Z', Y < Z with these properties, we
have an isomorphism Z ~ Z' which commutes with all the other morphisms.

Lemma 4.8. With the same hypotheses and notation of Theorem 4.7, let n€ denote the closed substack of
X defined by the ideal I", where I denotes the ideal sheaf defining £; set 1Y :=Y and 7V = 7. Then there
exist unique (up to unique isomorphism) algebraic stacks {nd}n>1, infinitesimal thickenings by square-zero
ideals nY < (n+1)Y and morphisms 7™ . n& — nY such that for each n there is a cartesian diagram

né —— (n+1)&

| !

nY —— (n+ 1))

Moreover, we have a canonical isomorphism 7r£ )Ong ~n).

Proof. 1t suffices to check that the assumptions of Corollary 4.4 apply. The only non-trivial statement
to check is that R'm,.*I"") = 0, where ¢ : & — (n + 1)€ is the inclusion of the reduced structure. But
FI0) = Nf/;{” since £ is Cartier, and 7 is flat, the fibers of 7 are weighted projective bundles, and ./\/'S;(”

restricts to Op(n), where P is a weighted projective stack. The desired vanishing follows as Op(n) has no
higher cohomology from | , Prop. 2.5], and from cohomology and base change. O

Proposition 4.9. With the same hypotheses and notation of Theorem 4.7, there exists a contraction

EF— X
|
Y «--- Z

at the level of coarse moduli spaces which is an isomorphism away from E and such that X — Z is a proper
morphism and Y — Z is a closed embedding. Moreover, we have p,Ox ~ Oz and O ~ mk (p+«Oker),
where the completion of Oz is with respect to the ideal sheaf of Y.

Proof. First let us recall the following: if X — ) is a closed embedding of tame Deligne-Mumford stacks,
then the corresponding map of coarse moduli spaces X — Y is a closed embedding. Moreover if Zy — Oy
is the ideal sheaf of X and 7 : Y — Y is the coarse moduli space map, then 7,.Zy — 7,0y = Oy is the ideal
sheaf of X, because ) is a tame Deligne-Mumford stack.

As in the proof of Lemma 4.8, we denote Z = Oy (—E) the ideal sheaf of &, for a positive integer n we let
n€ be the closed substack with ideal sheaf Z" = Ox(—n&) and we denote the square-zero sheaf of ideals of
n€ in n by JM = i*N?/:Y", where i : £ — (n + 1)& is the inclusion of the reduced structure. Recall that
R'al™ J = 0.

Take a positive integer £ which is divisible by the order of every stabilizer of a closed point of X'. Then

Ox(—LE) descends to a line bundle I on X, the coarse moduli space of X (since the stabilizers act trivially
on Ox(—LE)). If we denote by (E the coarse moduli space of £(), then /E — X is a closed embedding with
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ideal sheaf I. So in particular /F is a Cartier divisor, and we have a diagram as follows, where £Y is the
coarse moduli space of the algebraic stack constructed using Corollary 4.4:

{E—— X

p(Z)J(

LY.
According to | , Cor. 6.10], it suffices to prove that

(1) for every coherent sheaf F on ¢E we have R'p{” (F ® (I/I2)®™) = 0 for m big enough, and
2) R ((I/12)%™) = 0 for every m > 0.

Observe that, if . : E — (E is the inclusion of the reduced structure, ¢*I/I? restricts to Op(¥) along each
fiber of E — Y, where we denote by Op(¥) the push forward of Op(¢) via the coarse moduli space map
P — P, and P is a weighted projective stack. In particular, .*I/I? is relatively ample. So from | Tag
0B5V] also I/1? is relatively ample, hence the first vanishing is just Serre’s vanishing theorem.

For the second vanishing it suffices to check that, if £ is a line bundle on ¢£ such that i*£ (which is a line
bundle on &) restricts to Op (k) along each fiber P of & — Y, with k > 0, then lef)(ﬁ@m) = 0 for every
m > 0.

On &, the desired vanishing follows from cohomology and base change, as Op (k) has no higher cohomology
when k > 0, since P is a weighted projective bundle. On any thickening £ < n& this follows by an inductive
argument. Thus we assume that the desired vanishing holds for n and we will show that it holds for n + 1.
Consider the short exact sequence

)

0—J™ = Oy = Ong — 0.

This leads to

0— JM @ LE™ 5 LO™ 5 L] o — 0.
Observe first that

R (L9 ) = 50 R (L7 e)
where (™ is the closed embedding nY — (n 4+ 1)), (because the push forward via a closed embedding
is exact). By induction R17r>(k")(£®m|ng) =0, so R17T£n+1)([,®m|ng) = 0, and it suffices to check that
Rz () @ £8m) = 0 as well. But J™ ® £8™ = i, (NE" @ i*L5™) so

£/x
Rl (™ @ £8™) = j,R'n, (J™ @ LO™)
which is 0 as R'7,(J @ £®™) = 0. Therefore, we may apply | , Cor. 6.10] to obtain a Z as in the

statement of Proposition 4.9 and we are left with proving the moreover part.

Let O7 denote the formal completion of Oz along (Y. We claim that the natural map Oz — p.Ox is
an isomorphism upon completion: O% ~ (p.Ox)". If this is the case, then by | , Thm. 2.2] we obtain
Oz ~ p,Ox, because we already have an isomorphism Oz v ~ p.OxnE-

To prove our claim, first note that O% is isomorphic to the formal algebraic space X constructed in
[ , Thm. 3.1, Thm. 6.2]. Moreover, (see | , Lem. 6.5]) we have

Oy ~ lim (pgf) Oker X 00, Oey) =~ lim (pg) OklE) )
k k

where in the last isomorphism we used the fact that pg)(’)m ~ (Opy: this follows from the isomorphism
7T,(f)055 ~ Oy of Lemma 4.8, pushed forward along the coarse moduli space map ¢) — £Y.
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Observe now that by the theorem on formal functions | , 4.1.5] we have @ (pg) OME) ~ (p.Ox)"

(note that this agrees with the limit in Proposition 4.9 since E and ¢E have the same underlying topological
space). Putting all together, we deduce that O% ~ (p.Ox)", as claimed. O

Proposition 4.10. The algebraic space Z constructed in Proposition 4.9 is normal.

Proof. To prove that Z is normal we use Serre’s criterion for normality | , 5.8.6]. For this we have to
prove that

(R1) every codimension one point of Z is regular, and
(S3) for every open subset U C Z and every closed subset W of codimension > 2, every regular function
on U\ W extends to U.

In what follows, we denote p : X — Z the morphism constructed in Proposition 4.9. The condition (R;)
is easy to check: any codimension one point ¢ of Z lies in Z \ Y, hence the modification p : X — Z is an
isomorphism around (. Let £ be the unique point in the preimage of ¢: then Ox ¢ ~ Oz . Observe that
X is normal, because it is the coarse moduli space of a smooth Deligne-Mumford stack: in particular, by
Serre’s criterion | , 5.8.6], we have that Oy ¢ is regular, hence also Oz ¢ is regular.

To check (S2), let U C X be an open subset and W C U be a closed subvariety of codimension > 2. Let
¢ be a regular function on U ~\ W.

Suppose first that W does not contain Y NU: in this case p*¢ is a regular function on p~*U \ p~'W and
p~ W has codimension > 2, hence by normality of X we can extend p*¢ to a regular function v’ on p~'U.

Suppose instead that W contains ¥ N U, hence its preimage along p consists of the union of the proper
transform W of W and E N p~*U. We can extend p*p to a function on p~'U \ (E N p~1U), and we can
further extend it to a section of O(nE)(p~1U) for some integer n.

If n <0, then we have an inclusion O(nFE) — Ox, i.e. p*p actually extends to a regular function ¢’ on
p~tU. If n > 0 then we can look at the short exact sequence

0—0(n—1)E) - O(nE) — O(nE)|g — 0.

As the last term is isomorphic (up to shrinking the base) to Og(—n), by applying the functor I'(p~1U, —)
to this sequence we get an isomorphism I'(p~1U,O(nE)) ~ T'(p~1U,O((n — 1)E)), hence we can actually
extend p*p to a section of O((n — 1)E)(p~'U). Repeating this argument, we eventually deduce that p*¢
extends also in this case to ¢’ € Ox(p~'U).

By Proposition 4.9, we have that pf : 07 — p,Ox is an isomorphism, hence we can take the preimage of
1’ along pf, which by construction will be an extension of ¢ to U, thus concluding the proof. |

For what follows, we need the following technical result.

Lemma 4.11. Let X & X' be a proper morphism between normal separated algebraic spaces. Assume
that E C X s a pure codimension one irreducible closed algebraic space (namely, a divisor) with a map
pe : E —Y'. Assume also that p is an isomorphism away from the image of E, and the map E — X — X'
factors as E —Y' andY' — X', with Y’ — X' finite, as in the following cartesian diagram:

XNE——X

X' \p(E)—— X’

Then X' is uniquely determined by pg and X \ E.
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Proof. Let X1 and X} be two such algebraic spaces, with p; : X — X/; consider X — X{ x X} the product
map (p1,p2), let ' C X{ x X} be its image, and I'" its normalization. Since X — X/ is proper, also
X — X{ x X} is proper from | , Tag 04NX]. Similarly, I' — X is proper from | , Tag 0AGD]. Since
the normalization is a finite (hence proper) map, ' — X7 is proper.

We claim that the map I' — X7 is quasi-finite. The fiber of a point x along this map is in natural bijection
with pa(py ' (x)). Clearly, the fiber over a point in X \ pi(E) is just a single point. Let  be a point in

p1(E). The restriction p;|g: E — X factors as E — Y’ LY X!. Therefore, the fiber of z along I' — X7 is in
natural bijection with fo(f;(2)), which is a finite set as both f; and fo are finite.

As the normalization is finite, also I'"" — I" — X/ is a proper, quasi-finite and birational morphism. Then
it is an isomorphism from Zariski’s main theorem. So the rational map X| --» X} is a morphism. As
the corresponding map of sets is quasi-finite and they are proper and birational, again from Zariski’s main
theorem they are isomorphic. O

We have now collected all the ingredients necessary to prove the main result of this section.

Proof of Theorem 4.7. The existence of the contraction X — Z is Proposition 4.9. For proving the unique-
ness part of the statement, suppose that Z’ is another scheme satisfying the thesis of the theorem: then
we can apply Lemma 4.11 to conclude that Z’ ~ Z. Finally, the map X — Z is projective. Indeed, there
is an integer k > 0 such that Ox(kE) = L is a Cartier divisor, and £~! is ample over Z, since the posi-
tive dimensional fibers of X — Z are weighted projective schemes, and L restricts to an ample divisor on
those. ]

5. THE CASE OF AFFINE Y

In this section we prove Theorem 5.2, which itself forms the heart of the proof of Theorem 1.1. To begin
we establish some lemmas.

Lemma 5.1. Fiz a finite module V' over a Noetherian ring B and let Y = Spec(A) be a finite scheme over
Spec(B). If we have a surjective map of B-modules p: V- — A, then the map Spec(A) — Pp(V) induced by
the surjection V ®p A — A is a closed immersion.

Proof. Tt suffices to check this fiber locally on Spec(B), so we may assume that B is a field, V is a vector space,
and A a Artin local ring. Now choose a v € V such that v — 1 € A, then the induced map Spec(A) — P(V)
factors through the non-vanishing of v € H°(P(V),O(1)) and the associated map of coordinate rings is
surjective because it contains the image of p. a

Theorem 5.2. Consider two affine schemes with a finite morphism Spec(A) — B := Spec(B), with Spec(A)
smooth and connected and £ € Spec(A) a point. Assume that X is a tame Deligne-Mumford stack, separated
over B, and with coarse moduli space X projective over B. Let £ C X be a Cartier divisor in X isomorphic
to P :=Pa(a1,...,an), with 0 < a1 < ... < an. Assume that Ngjx = Ox(E)]e = Op(-1).
Then, up to replacing B with a Zariski open subset of U C B containing the image of £, and Spec(A),
E and X with Spec(A) xgU, € xgU and X xgU respectively, there is an X' fitting into a commutative
diagram
E——"7-—7X
Spec(A) «-*-+ X’
such that

(1) X' is a separated tame Deligne-Mumford stack with coarse moduli space projective over B,
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(2) i is a closed immersion which realizes Spec(A) as a complete intersection of codimension n and X’
is smooth in a neighbourhood of Spec(A), and

(3) there is an isomorphism between X and a weighted blow-up of X' at Spec(A) with weights ay, ..., an,
which identifies £ with the exceptional divisor of such a blow-up.

In particular, X' is a scheme in a neighbourhood of Spec(A), and X — X’ is an isomorphism away from E.
We now report two remarks which we will use in the proof of Theorem 5.2.

Remark 5.3. If X is a finite-type k-scheme where D is a Cartier divisor of X and p € D a smooth point
of D, then p is a smooth point of X.

Remark 5.4. Fix a separated algebraic stack X and let Ox (D) be a line bundle associated to a Cartier
divisor D on X. If Ox(D)|p induces a representable morphism D — BGy,, then there is a open substack
YV C X containing D such that V \ D has trivial stabilizers. Indeed, being representable is an open condition
for separated stacks, so there is an open substack V C X such that Oy,(D) induces a representable morphism
V = BGy,. As Ox (D) = Oy away from D, the stack V is an algebraic space away from D. In particular, X
has generically trivial stabilizer.

Proof. Since Op(—1) induces a representable morphism & — BG,,, by Remark 5.4 the stack X has trivial
stabilizers on V' \ € where V is an open substack containing £. This implies the stacky structure of X lies on
the union of £ and the closed substack X \ V. As such, to prove the desired result it suffices to:

(1) construct the coarse moduli space X’ of X”,

(2) show there is a closed immersion Spec(4) — X',

(3) prove the coarse moduli space X' is smooth around Spec(A),

(4) show X’ contains Spec A as a complete intersection of codimension n, and

(5) show that, in a neighbourhood of £, the stack X is a weighted blow-up of X’ along Spec(A).

Indeed, the remaining stacky structure on X’ is necessarily disjoint from an open substack containing
Spec(A), and therefore determined by X.

To do so, we will explicitly construct the contraction X — X’ of Theorem 4.7 that contracts E (the
coarse moduli space of £). In this process, we will produce Cartier divisors Dy,..., D,, on X and their images
151, ey Bn in X’ such that D; N Pa(as,...,an) = Palas,..,a;, .., a,); this enables the use of induction to
establish (1)-(4) as in Kollar’s proof of Castelnuovo’s theorem in | |. To prove (5) we will use the explicit
description of a weighted blow-up of the origin in A™ and the divisors D; and 51 to prove that X is the
desired weighted blow-up.

Base step. The desired statement is true if n = 1. Indeed, by definition of a weighted projective stack
when n = 1 it follows that £ is a trivial p,-gerbe over Spec(A). Moreover, because the ideal sheaf of the
divisor restricts to Ng/x, Remark 5.4 implies the only stabilizers in a neighbourhood of £ in & are those on
E. Since Spec(A) is smooth, so is £, and by Remark 5.3 it follows that X is smooth in a neighbourhood of
£. By applying | , Thm. 1] one may obtain the stack X in a neighbourhood of £ as a composition of
root stacks and canonical covering stacks from its coarse moduli space, X. As non-trivial canonical covering
stacks introduce new stabilizers in codimension at least 2, it follows that X is, in a neighbourhood of &,
a root stack of X along a Cartier divisor E. The smoothness of X in a neighbourhood of £ implies the
smoothness of F since the associated cyclic cover is a local atlas for X' (see, e.g., | , Prop. 3.15]).
Moreover, since &€ is a gerbe over the smooth (Weil) divisor Spec A C X, it follows that E = Spec A, Spec A
is Cartier in X, and therefore X is smooth by Remark 5.3. We may now assume n > 1.

Step 1. In this step we establish a useful vanishing result.

Consider H a very ample Cartier divisor on X such that H'(Ox (kH)) = 0 for k,i > 0. Let then m a
positive integer such that, if we denote by H the pull-back of H to X, we have that G := Ox(H) @ Ox(m&)
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is the trivial line bundle when restricted to any fiber of £ — Spec(A). This is possible as Ngjx = Op(—1).
Moreover m > 0 as H is very ample, and up to replacing H with some multiple of it we can assume
m > an, + 1. Up to replacing B with I/ as in the statement, we can also assume that

g|5§05.

Indeed, consider £ — Spec(A), let 7 : £ — E be its coarse moduli space, and let { : E — Spec(A) be the
morphism induced by £ — Spec(A). As G restricts to the trivial line bundle on any fiber of & — Spec(A4),
from [Noo, Cor. 4.3] there is a line bundle A/ on Spec(A) such that G = (*N. If we denote by p : Spec(A) — B
the map in the statement of the theorem, as p is finite the ring A ®p B¢ is semilocal. So N|SP6C(A®BB;7(E))
is trivial as semilocal rings have trivial Picard group. Then there is an open subscheme Usec(4) containing
p~(p(€)) such that N is trivial when restricted to Uspec(a). We can take

U = B~ p(Spec(A) \ Uspec(a))-
Consider now G ® Oy (—3j&), for k > 0. We have the following exact sequence:
0= G% ®0x(—(j +1)&) = G%* @ Ox(—jE) = Op(j) — 0.

From | , Prop. 2.5|, H(Op(j)) = 0 for every j > —a; — az — ... — a, + 1 so combining this with the

sequence above we see that

(1) [H'Y(G¥" @ Ox(=(j +1)€)) = 0] = [H'(G¥" @ Ox(—jE)) = 0] for j > —ay — ... —an + 1.
Moreover, by our choice of H we have

(2) 0=H"(Ox(kH)) = H(G®* @ Ox(—km&)) for every k > 1.

Since m > a, + 1, we have —km < —a,, — 1. Thus, combining Equation (1) and Equation (2) we have
HY(G®* @ Ox(i£)) = 0 for every —a, —1<i<aj;+..+a,—1and k> 1.

Step 2. The line bundle G descends to a base-point free line bundle on X, and if we denote by X’ =
Proj(@,H(G®9)), the map E — X — X’ factors via E — Spec(A) — X', where the second map is a
closed embedding; and X — X’ is an isomorphism away from E. In particular, we can assume that G is the
pull back of a very ample divisor on X".

To check that G descends to a line bundle on X is equivalent to checking that the action of the stabilizers
of the points of X are trivial along the fibers of G (see, e.g., | , Thm. 10.3]). This holds away from &
as on that locus G is the pull-back of a line bundle on X, and holds on € since G|g = Og.

To check that G is base point free, consider the exact sequence

0GR 0x(-€) =G —Gle = 0.

From the previous vanishing, the map H°(X, G) — H°(X, G|¢) is surjective, so there is a section not vanishing
along & since G|g = Og. Moreover, G @ Ox(—mé&) is the pull back of a very ample line bundle, so for every
p € X\ there is a section of GROx (—mE), and hence of G, not vanishing at p. So G descends to a base point
free line bundle on X, the corresponding morphism X — Proj(, H°(G®%)) is an isomorphism away from
€ (since G is very ample away from &), and it restricts to Og on &, so it factors through & — Spec(A) and
induces a closed immersion Spec(A4) — P(HY(G)) by Lemma 5.1 since H(G) — H°(G|¢) = A is surjective.
Observe also that, as X is smooth in a neighbourhood of £ then X is normal in a neighbourhood of F, and
similarly X’ normal in a neighbourhood of Spec(A). ?

2We are using the fact that if X is a normal projective variety and L is a base-point free line bundle on it, then also
Proj (6p,,, HY(£®™)) is normal. Indeed, if we denote by s : X — X’ the Stein factorization of X — P(H’(L)), then (1) X'
is normal since X is normal; (2) the map m : X’ — P(H°(L)) is finite hence projective, so X’ = Proj (6D,,, H*(7*O(m))); (3)
s*1*O(1) = L by construction and (4) by projection formula, since s.Ox = Ox/, we have HO(7*O(m)) = HO(£L®™).
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Step 3. Construction of D; and inductive step.
From the previous steps, we have a surjection

H(G ® Ox(—a;€)) — H°(Og(a;)) for every i.

Therefore there is a global section D; of H*(G ® Ox(—a;£)) that restricts to x; = 0 on £ = P(ay, ..., an).
In particular:

(1) D;NE is a weighted projective space over Spec(A) (namely, P(ay, ..., a;, ..., a,) X Spec(A)), and
(2) The normal bundle of D; N E in D; is Opa,.....a:,....an) (—1).

By induction, there is a scheme D with a closed embedding ¢ : Spec(A) — 5, such that D; is the weighted
blow-up of ¢ with weights as, ..., a,, and D is smooth around q. Moreover, the curves contracted by D — D
are the ones contracted by D; — X', where D; is the coarse moduli space of D;. So the morphism
D — X — X — X' factors as D1 — D — X’ from [ , Lem. 1.15], with D — X' finite as there are no
curves in the fibers. In particular, as G is by construction the pull-back of an ample line bundle G on X',
also the line bundle G| is ample, and we have that D= Proj(,H(G®|5)) = Proj(@,H"(G%%|p,)).

Step 4. D — X' is a closed embedding, and therefore Spec(A) — D — X' is a closed embedding.

It follows from the vanishing H'(G®¢ ® Ox(a;1€)) = 0 and the following exact sequence

0— Ox(=D1) ®G¥ = G®=1) @ Oy (a,€) = G¥ — G2 p, =0

that there is a surjection H’(G®4) — HY(G®%|p,) for d > 2, so the map D = Proj(@,H(G%p,)) —
Proj(®,H°(G®%)) = X' is a closed embedding. Therefore, also the composition Spec(A) — D— X'isa
closed embedding.

Step 5. D is Cartier in X/, so X’ is smooth at Spec(A).

We will show that D agrees with the zero locus V(s) of a section s of a line bundle away from Spec(A),

and that both D and V(s) are Sy in a neighbourhood of Spec(A). Consider the long exact sequence
0= G®0x(—a1€) - G — Oqe = 0.

Consider a section sy € H°(G) which is the image of D; € H°(G ® Ox(—a;&)). This vanishes along D; and
a1&, and by definition of G it is the pull-back of a section s on an ample divisor on X’. In particular, there
is a section of an ample divisor on X’ whose zero locus agrees with the image of 5, and which is isomorphic
to D away from Spec(A). As X’ is normal in a neighbourhood of Spec(A), it is also S5. Then both the
zero locus of a section of a line bundle and D (which is smooth by induction) are S; in a neighbourhood of
Spec(A). So they are the closure of their generic points, then they agree: D is Cartier.

End of the proof. As in Step 5 we may construct n Cartier divisors 151, vy l~)n After shrinking around
&, we can trivialize the line bundles associated to EZ for every i, so there are regular functions s; such that
Spec(A) = V(s1, ..., ). From Proposition 2.18, to check that X — X’ is a weighted blow-up, one can work
locally around £ € X’. The regular functions s; give a map X’ — A", and up to shrinking X’ and Spec(A)
in a neighbourhood of £, we can trivialize G so D; are sections of Ox(—a;E).

We can consider the weighted blow-up of X’ along Spec(A) as in | , Sec. 2] and Example 2.6, by
taking an open inside [AZF!  /Gpn] with weights a1, ...,a,, —1. Recall that a map to [A""!/Gy,] is the
data of a line bundle £, a section of L% for every i, and a section of £~!. Then the divisors D; and &£ give a
morphism X — [A"*!/G,,]. Since ™D; =D; + a;E, where m : X — X', and if 1, ..., z,, are the coordinates
on A" and 1, ..., Yn, u are those on A1, then the weighted blow-up sends z; — y;u%; one can check that
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the following diagram is fibred:

X——B

X —— A"
where B is the weighted blow-up of 0 € A" with weights a1, ..., a,. So the map ¢ : X’ — A" is flat at 1 ~1(0),
and therefore X — X’ is a weighted blow-up from Theorem 2.9. O

Remark 5.5. One can check that the weighted blow-up of Theorem 5.2 is in fact a regular weighted blow-up.

Remark 5.6. With the assumptions of Theorem 5.2 and if X is normal, the coarse moduli space X admits
the contraction X — Z of Theorem 4.7. If we denote by X’ the coarse moduli space of the contraction X’
explicitly constructed in Theorem 5.2, then Z = X’ by unicity of the contraction.

Corollary 5.7. Let m: & — Spec(A) be the map of Theorem 5.2. Then:
(1) Ospec(ay — mO¢ is an isomorphism,
(2) R'm.(Ox(—n&)|e) =0 for every n > 0, and
(3) Oxnn = I&H (pfkk)C);L%), where the completion is with respect to the ideal sheaf of Spec(A) in X.

In particular, the diagram of Theorem 5.2 is a push-out in algebraic stacks.

Proof. Condition (1) follows since = is a weighted projective bundle, condition (2) follows since Ox(—n€)|e
restricts to Op(n) on the fibers of 7, and from | , Prop. 2.5]. Point (3) follows since, from Remark 5.6,
the X’ constructed in Theorem 5.2 agrees, in a neighbourhood of Spec(A), with the one constructed using
Theorem 4.7. Finally, from Proposition 4.5 the diagram of Theorem 5.2 is a push-out in algebraic stacks. O

Corollary 5.8. Let ¢ : X — Z be a morphism of separated tame Deligne-Mumford stacks, with X smooth
and Z normal, which induces a projective morphism f : X — Z on coarse moduli spaces. Assume that there
1s a Cartier divisor € C X such that:

(1) € is a weighted projective bundle Py —Y over a smooth schemeY, and Ngx = Op, (1)
(2) There is a diagram as follows, with Y — Z a closed embedding

E— X

||

Y —Z

(8) X — Z an isomorphism away from &.

Then Z is smooth, the map X — Z is a weighted blow-up, and the diagram above is a pushout in algebraic
stacks.

Proof. First observe that Z is an algebraic space around Y, as being an algebraic space is an open condition on
a separated Deligne-Mumford stack. Moreover, since being a weighted blow-up can be checked smooth locally
from Proposition 2.18, up to replacing £ with an étale neighbourhood of y € Y and using | , Prop.
18.1.1], we can assume that Z = Spec(B) is affine, and that Py = P(a1,...,a,) X Y. From Theorem 5.2,
there is a morphism X — X’ which is a weighted blow-up over Spec(B), and such that X’ — Spec(B)
is projective. By point (3) it is also birational, and quasi-finite by (2) and (3) (therefore finite), so it is
an isomorphism from Zariski’s Main Theorem. Then the square above is a pushout as the assumptions of
Proposition 4.5 are satisfied by Corollary 5.7. O
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For us, it will be useful to drop the assumption in Corollary 5.8 that Y has to be a scheme. To do so, we
will use the following two results.

Proposition 5.9. With the same notations and assumptions of Theorem 5.2, assume that one has a finite
and étale group G of order prime to char(k), acting on Spec(A), B, £ and X in a way such that:

(1) the maps & — Spec(A), &€ — X, Spec(A) = B and X — B are equivariant,

(2) € € Spec(A) is fized by G, and

(3) the action of G on B is trivial.
Let X' be the tame Deligne-Mumford stack constructed using Theorem 5.2, possibly after shrinking B,
Spec(4), € and X as in Theorem 5.2. Then, there is a unique action of G on X', such that the maps
Spec(4) = X', X —» X’ and X' — B are equivariant.

Proof. This follows from the universal property of pushouts. O

Corollary 5.10. With the assumptions and notations of Proposition 5.9, possibly after shrinking B, Spec(A),
E and X as in Theorem 5.2, there is a normal tame Deligne-Mumford stack X', separated over B, which fits
i a diagram below

[Palar, ..., an)/G] —— [X/C]

I
[Spec(A)/G] ——— X/

such that:

(1) i is a closed embedding
(2) the morphism 7 is separated, and on the level of coarse moduli spaces it is projective,
(8) 7 is an isomorphism away from [Pa(ai,...,an)/G|, and its restriction to [Pa(aq,...,an)/G] agrees
with mg.
Moreover,

e 7 is a weighted blow-up,

o X’ is isomorphic to [Z/G] for a smooth tame Deligne-Mumford stack Z (so X’ is smooth),

e when n > 1, the stack X’ is uniquely determined from [X/G], [Pa(a1,...,a,)/G] and [Spec(A)/G]
and the maps between them.

Remark 5.11. One can check that the weighted blow-up of Corollary 5.10 is a reqular weighted blow-up.

Proof. Existence. If we consider the diagram above on the level of G-torsors, we obtain the diagram of Propo-
sition 5.9. From Theorem 5.2, we can construct a Deligne-Mumford stack Z which fits in the corresponding
diagram. The action of G extends from Proposition 5.9, so we have a diagram as the one above by taking the
quotient. The resulting stacks are separated as they are the quotient of separated Deligne-Mumford stacks
by a finite group.

Moreover part. Let X’ be such a Deligne-Mumford stack. We first check that it is smooth. To do so,
using Proposition 2.18, we replace X’ with an étale atlas, so we can assume that X’ is a scheme. Then from
Corollary 5.8, X’ is smooth and a weighted blow-up. By construction, it is a quotient stack. We check now
that it is unique.

From Theorem 3.1, it suffices to check that two such X’ have isomorphic coarse moduli space, and that
they have isomorphic stabilizers for the points of codimension one. It is immediate to show that they have
isomorphic stabilizers for the points of codimension one as all the codimension one points of X’ are a subset
of the codimension one points of X'. Similarly, the coarse space of X’ is uniquely determined from Lemma
4.11. |
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6. PrROOF OF THEOREM 1.1

We state our main theorem.

Theorem 6.1. Let ) be a smooth and separated tame Deligne-Mumford stack and let m: & — Y be a weighted
projective bundle with positive dimensional fibers. Suppose we are given a (regular) closed embedding & — X
of codimension 1 (i.e. £ is a Cartier divisor in X ) into a smooth and separated tame Deligne-Mumford stack
X. Furthermore, assume that the normal bundle N5|X is isomorphic to Og(—1) @ m*L for a line bundle L
on Y. Then there exists a diagram, which is a pushout in algebraic stacks,

E— X
(3) | |
Ve 2

such that Y — Z is a closed embedding and Z is a smooth separated tame Deligne-Mumford stack. Moreover,
X — Z is a weighted blowup of YV in Z.

Remark 6.2. One can check that the weighted blow-up of Theorem 6.1 is a regular weighted blow-up.

We outline the proof. Observe that Theorem 4.7 implies we have a normal separated scheme Z and a
contraction X — Z, where X is the coarse moduli space of X. Thus, we have a diagram:

XNE
(4)

Z\Y X% 7

where Y is the coarse moduli space of ) and the vertical map is a coarse moduli space. We will find a smooth,
separated, and tame Deligne-Mumford stack Z fitting into the diagram above having Z as its coarse space
by applying Theorem 3.1 to the diagram (4). We will then leverage this to construct the stacky contraction
X — Z. The key difficulty in applying Theorem 3.1 is showing (4) satisfies the local conditions of Remark
3.3 and we do this by using Corollary 5.10.

To prove that the resulting Z fits into a diagram as in Theorem 6.1, we apply Corollary 5.10 again. To
prove that Z is smooth and X — Z is a weighted blow-up, we can work étale locally over Z by Proposition
2.18, so we replace Z with an étale cover. By the uniqueness part of Theorem 3.1, X' = Z x5 Uy, so
Z % 7 Uz will be smooth, so Z will be smooth as well, and the map will be a weighted blow-up. Finally, the
uniqueness part follows from the uniqueness part of Theorem 4.7 together with Theorem 3.1.

The following proposition allows us to work locally, and it will make Corollary 5.10 easier to use.

Proposition 6.3. With the notations of Theorem 6.1, let y € Y. There is an étale neighbourhood y € Uy —
Z such that:

(1) Uz xz Y =2 [Spec(A)/G], for a finite group G of order prime to char(k)
(2) Uz xz X = [W/G] where W is a smooth tame Deligne-Mumford stack, which is generically a scheme,
and

(3) Uz xz € = [Pa(ay,...,an)/G], and [Pa(ay, ..., an)/G] X[spec(a)/q) Spec(A) = Pa(ar, ..., an).

We summarize the situation in the following diagram:
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Palay, ..., an) —————— W

Spec(A) [Pa(al,...,an)/G] —— W/G] = X xz Ug HI
\Spec( UZ étale 7

l étaleJ{

y Z

The proof will be in several steps, we begin with the following two lemmas.

Lemma 6.4. In the hypothesis of Theorem 6.1, there exists an étale covering {Z;} of Y in Z such that
Vi =Y Xz Z; is of the form [Spec(A4;)/G;] for some finite group G; of order not divisible by char(k) acting
on the affine scheme Spec(A;) and € Xy V; is a trivial weighted projective bundle.

Proof. We consider the morphisms
Y=Y —=Z

where Y — Y is the coarse moduli space map. First of all, for every point in ) there exists an étale
neighbourhood [Spec(A4)/G] — Y of the point where G is the automorphism group of the point, therefore
finite. Furthermore, the induced morphism Spec(A¥) — Y is also étale. See | , Thm. 3.2] or
[ , Thm. 1.1]. Because weighted projective bundles are classified by special groups, up to shrinking
(Zariski locally) we can assume € Xy [Spec(A4)/G] is a trivial weighted projective bundle.

It remains to lift the étale morphism Spec(A%) — Y to an étale morphism to Z. This can be done Zariski
locally on Spec(A%) using | , Prop. 18.1.1]. Up to shrinking again, we get the following diagram with
cartesian squares:

Spec(A’) —— Spec(B)

\[open

[Spec(A)/G] —%5 Spec(AY) et
Jo Jo
Yy s Y Z.
Because the coarse moduli space map is cohomologically affine, we get that Spec(A’) Xgpec(acy [Spec(A)/G]
is isomorphic to [Spec(Ag)/G] where Ay is a G-invariant affine open of Spec(A) and A’ ~ A§. O

Lemma 6.5. Let C be a non-reduced tame Deligne-Mumford stack, and let i : C™** — C be its reduced struc-
ture. Then for every finite étale group G, the restriction map H*(C,G) — HY(C™*?, Q) is an isomorphism,
where the cohomology is the étale cohomology.

Proof. If we denote with Ggrea the constant sheaf on the étale topology of C"*? and with G¢ the constant
sheaf on the étale topology of C, then i.G¢rea = G¢ and R™.Gerea = 0 for n > 0.

Indeed, it suffices to check this by replacing C with the spectrum a strict Henselian ring Spec(A), and to
observe that since G topologically is a finite disjoint union of closed points, there is an equivalence

Hom(Spec(A), G) — Hom(Spec(A™), G).
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Similarly, as the quotient of a local strict Henselian ring is still local and strict Henselian, R™i,G¢rea = 0 for
n > 0. Then the isomorphism follows from the Leray spectral sequence. (|

Proof of Proposition 6.3. Consider an open of the cover of Lemma 6.4. Up to replacing Z with this cover,
we can assume that

(1) Z = Spec(B) is affine,

(2) Y = [Spec(4)/G],

(3) €= [Palai,...,a,)/G] with [Pa(a1,...,an)/G] Xispec(a)/a) SPec(A) = Pa(ai, ..., an).
Our goal will be to find an étale neighbourhood Uy of Spec(AG) in Z such that also X x5 Uz admits a
G-torsor. In other terms, we need to extend the G-torsor over £ of (3), to a G-torsor over the pull-back of
X to an étale neighbourhood of Spec(A%) in Z. To do so, we proceed in two steps. First, we extend the
G-torsor on the "completion" of & C X. Then, using | , Thm. 3.4], we algebraize it to produce the
desired Uy.

Consider the ideal J defining the closed embedding Spec(A%) < Spec(B) and let Z[™ the n-th infinites-
imal thickenings. Observe that Z[ is an affine scheme and let B, be its ring of global sections. Then we
denote by B = lim,, B,,, which is a J-adic ring. Finally let X=X Xz Specé and &, := X Xz Spec B,,.
Observe that & might not be isomorphic to £, however £ is the reduced substack of &, for every n as £ is
reduced and the underlying topological spaces agree with the fiber product Y xz X. Indeed Y — Z is the
closed embedding of the locus where X — Z are not isomorphic (namely, the image of £ in 7).

Step 1. The pair (&, )?) is coherently complete.

This follows from | , Thm. 1.4].

Step 2. There is a morphism X — BG such that the composition & — X — BG corresponds to the
G-torsor P4(aq, ..., an) = [Pala1, ..., an)/G].

Indeed, from Tannaka duality [ , Thm. 1.1],

Hom(X, BG) = Hom(Coh(BG), Coh(X)).
Since the pair (&, X ) is coherently complete, we have that
Hom(Coh(BG), Coh()/(\)) = Hom(Coh(BG), liTan Coh(&,)) = lirlln Hom(Coh(BG), Coh(&,,))
which using Tannaka duality again gives us
Hom(X, BG) = lim Hom(&,,, BG).
Therefore it is enough enough to find a compatible sequence of G-torsor for the sequence of infinitesimal
thickenings

e Ey = Epgp1 .

This follows from Lemma 6.5.

End of the argument. Consider the henselization B" associated to the closed embedding Spec(A%) <
Spec(B). We denote by X" the fiber product X xz Spec(B"). Notice that we have a factorization
Spec(A®) < Spec(B) — Spec(B") — Spec(B). It suffices to show that one can extend the G-torsor
from X to A"

Let F : Schpn — Set, sending T — Spec(B") to the underlying set of the groupoid Hom(X" Xgpec(pn)

T,BG). The previous lemma implies that we have an element fA € F(Spec ]§) that extends the G-torsor

Ec — &€ coming from the quotient Py(ay,...,an) — [Pa(ay,...,a,)/G]. Since X is quasi-compact over
Spec B and BG is locally of finite presentation, F' is limit-preserving (see | , Prop. 4.18]). Then from
[ , Thm. 3.4], there is an element ¢" € F(Spec B") (or equivalently a G-torsor over X”*) which restricts

to the G-torsor £g — £.
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Finally, because Spec B” is the limit of the étale neighbourhoods of Spec(A%) in Spec B, then there exists
an étale neighbourhood Spec B — Spec B and an object {5 € F(Spec B) which extends ¢, Let Uy be the

étale neighbourhood Specé of yin Z and W — Uy Xz X be the G-torsor we constructed. Then Remark
5.4 implies that W has generically trivial stabilizers. O

Corollary 6.6. With the assumptions of Theorem 6.1, the normal algebraic space Z and the diagram (4)
satisfy the hypothesis of Theorem 3.1.

Proof. As X and Z are isomorphic away from Y and X is the coarse moduli space of the smooth Deligne-
Mumford stack X, by Remark 3.3 it suffices to check that Z satisfies the hypothesis of Theorem 3.1 in a
étale neighbourhood of Y. From Proposition 6.3, every point of y € Y C Z has an étale neighbourhood
¢: Uz — Z such that if we base change (3) along ¢ we obtain:

[Palas, J{, an)/G) —— [WjG}
[Spec(A)/G] ————— Uy.

By Corollary 5.10, this diagram admits a stacky contraction, i.e. a smooth Deligne-Mumford stack X' — Uy,
separated over Uy, which fits in a diagram as below.

[Palaq,...,an)/G] —— [W/G]

| |

[Spec(4)/G]| P Uyz.

As X' is separated and smooth, it has a coarse moduli space X’ — Uy with finite tame quotient singularities.
The map X’ — Uy is proper, birational and quasi-finite, so it is an isomorphism by Zariski’s main theorem.
Thus, we may base change the diagram (4) along Uz — Z which can then be made into a commutative
square:

[W/G]~ [Palar, ... an)/G] = X'

Uz ~ Spec(A®) «—— Uy

where the vertical maps are coarse moduli maps and the horizontal maps are open immersions. Thus we
may conclude by applying Remark 3.3. |

Proof of Theorem 6.1. From Corollary 6.6, we may apply Theorem 3.1, to obtain a smooth Deligne-Mumford
stack Z — Z which has Z as coarse moduli space and which contains X \ £ as an open substack, or more
precisely there is a commutative diagram

AXNE — X 5 X

]

Z— 7.

cms

We need to show that there is an arrow X — Z and a closed embedding )) — Z which fit in the desired
diagram.

Construction of X — Z. We plan on using Lemma 6.8, so we replace Z with Uz as in Proposition 6.3.
So now the assumptions of Corollary 5.10 apply, and we can construct the stack X’ of Corollary 5.10 which



A CRITERION FOR SMOOTH WEIGHTED BLOW-DOWNS 27

fits in the desired diagram. By Theorem 3.1 and Remark 3.3, both X’ and Z are uniquely determined by
their coarse moduli spaces and an open substack with complement of codimension at least 2. They have
isomorphic coarse moduli spaces from Lemma 4.11, and they are isomorphic away from the image of the
exceptional divisor (which is closed and by assumption has codimension at least 2). As there is a map
X — X/, there is a map X — Z as desired.

Construction of Y — Z. Firstly, notice that we know that such a morphism exists étale locally on ) by
construction, because the pullback of Z through Uz — Z coincides with X’. We need to prove that it gives
a morphism )Y — Z. We denote by — o 7 the morphism over )

Y x Z ~Homy(Y, Z) — Homy (&, 2)

defined by precomposing with the morphism 7 : £ — Y, and we use the shorthand Homy (Y, Z) for
Homy(Y,Y x Z), and similarly Homy (€, £) := Homy(€,Y x Z). The composition & — X — Z cor-
responds to a morphism ¢ : ) — Homy (€, Z). We need to find a morphism Y — Y x Z which lifts ¢, or
equivalently a section of the projection

n: y XHomy (€,Z) HOIIly(y,Z) =Y

induced by the fiber product construction. Because 7w : £ — ) is a weighted projective stack over ), one
has 71,0¢ = Oy, so we can apply Lemma 6.7 and thus — o7 is a monomorphism. By base change, the same
is true for 7. However, finding a section of a monomorphism is equivalent to proving it is an equivalence,
which can be checked étale locally on ).

Uniqueness of Z. Let Z’ be a smooth and separated Deligne-Mumford stack that fits in the usual
contraction diagram. Then we have that its coarse moduli space Z’ fits also in the contraction diagram at
the level of coarse moduli spaces, i.e. there is an induced contraction diagram

F— X

|

Y — 7.

From this we deduce that Z ~ Z’, thanks to the uniqueness part of Theorem 4.7. But now Z and Z’ share
the same coarse space, and are isomorphic up to substacks of codimension > 2. Then from Theorem 3.1 we
deduce that Z ~ Z’. The resulting square is a pushout since the conditions of Proposition 4.5 are satisfied
by Corollary 5.7. ]

Lemma 6.7. Let f: X — Y be a proper and flat morphism of finite presentation of algebraic stacks over a
base algebraic space S and let Z be an algebraic stack with affine diagonal locally of finite presentation over
S. Then the morphism of algebraic stacks over )

—of:YXgZ~Homy(Y,Y xg Z) — Homy(X,) x5 2)
is representable by algebraic spaces and locally of finite presentation. Moreover, suppose that the morphism

fj’[i” :O0r = fraOxy

is an isomorphism for every T — Y where Xp := X xy T, then — o f is a monomorphism.

Proof. We will use the shorthand Homy (), Z) := Homy(),Y xs Z) and Homy (€, Z) := Homy(&£,Y x5 Z).
First of all, notice that Homy (X, Z) is an algebraic stack locally of finite presentation with affine diagonal,
thanks to | , Thm. 1.2]. To see that — o f is faithful (therefore representable), we fix two objects
91,92 : T — Z of Homy(Y, Z) for a scheme T — Y, and two morphisms «,a’ : g1 — g2 laying over a
morphism 7' — ) such that the isomorphisms « and o’ agree once pulled back to T' xy X. We now have
that o = o’ as they agree fppf locally, and since Z is an algebraic stack, Isom is a sheaf in the fppf topology.
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We now prove that — o f is full assuming that f% : Or = fr«Ox, is an isomorphism for every T' — ).
Suppose given two objects ¢1,92 : T — Z and an isomorphism of functors 8 : g1 o fr — g2 o fr over a
morphism T — ), we want to find an isomorphism « : g3 — g2 such that such that « pulls back to 5. This
is equivalent to finding a dotted arrow

XTLT

glole /’/ l(glagm)
Il

ZTZXSZ
Z

such that the diagram commute. Notice that we are using a specific natural transformation

(Idg,0fr,B) : Az o (g1 0 fr) = (910 fr g2 0 fr)

to make the diagram commute. If we denote by Ar the fiber product of the diagram above, it is enough
to prove that the morphism dp : A7 — T admits a section. We leave to the reader to check that the
compatibilities with the natural transformations follow from faithfulness. Therefore we have a sequence of
morphisms

XT — AT — T
and, because Z has affine diagonal, we know that Ap — T is affine over T, thus given by an Op-algebra

D. Therefore we need to construct a morphism of Op-algebra D — O7 which is a section of the structural
morphism Op — D. This follows easily by considering the sequence of structural sheaves

OT — dT,*OAT ~D — fT,*OXT ~ OT,
where the last isomorphism is exactly ( fqﬁ«)_l. O

Lemma 6.8. Assume that X and Y are two separated tame Deligne-Mumford stacks, and assume that there
is a dense open substack U C X with a morphism fi : U — Y. Assume also that X is normal, and that each
point of X N\ U has an étale neighbourhood where fi; extends. Then fy extends to a morphism f: X — ).

Proof. Tt suffices to check that if the aforementioned extension exists, then it is unique, as if that’s the case
we can use descent. The extension is unique from | , Lem. 7.2]. g

7. AN APPLICATION TO MODULI OF STABLE POINTED CURVES OF GENUS ONE

For basic facts on moduli of curves that are used throughout this section, the reader can consult | ,
Chapter XII].

For n > 2, let Ml’n denote the moduli stack of stable n-marked curves of genus one. Let Ay, be the
irreducible, smooth boundary divisor consisting of curves which are obtained by gluing a 1-marked genus
one curve to the n + 1*" marking of a stable n + 1-marked genus zero curve. In other terms, the divisor A,
is the image of the gluing morphism

Eon s My1 X Mo g1 — My .

Recall that the Hodge line bundle E — ﬁl,l can be defined as follows: if 7 : € — ﬁl’l is the universal curve
and o : Ml,l — C is the universal section, then E := o*w,, where w, denotes the relative dualizing sheaf.
The following fact can be found in | , Remark after Proposition 21].

Proposition 7.1. Assume that the characteristic of the base field is # 2,3. Then there is an isomorphism
@ : My ~P(4,6) such that the Hodge line bundle E — M, 1 is identified with Op ¢)(1).
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In particular, we deduce that
pry - AO,n =~ P(476) X ﬂ0,'r1—f—1 — MOJH—I

is a weighted projective bundle. The normal bundle of A, can be computed as follows: the isomorphism
Aoy =~ Mi1 X My i1 determines two families of curves m @ € — Ag, and ma 1 D — Ag, of genus
respectively 1 and 0, together with sections o : Ag,, = Cand o; : Ag, = D fori=1,...,n+ 1. Then we
have

— — g%V * vV _®V * \
NAo,nlMl,n =0c'w, ®onwy, =E @0 wy,.

In particular, applying Proposition 7.1 we get that the normal bundle of A ,, is isomorphic to Op(4,6)(—1) ®

pr3Ly,+1, where L, is the line bundle on ﬁom“ given by the n 4+ 1*"-marking. Therefore, we can apply
Theorem 6.1 to deduce the following.

Proposition 7.2. Assume that the base field has characteristic zero and that n > 2. Then there exists a
smooth Deligne-Mumford stack Min together with a closed embedding Mo py1 — M;kn and a contraction

AO,n ” Ml,n

| |
Mons1 —— ﬁ:n

which realizes ﬁlm as a weighted blow up of Min along the center Mo,n+1~

Let ﬁ?bn be the moduli stack of pseudo-stable n-pointed curves of genus one, introduced in | , Sec.
5]. This is a smooth Deligne-Mumford stack that fits into the diagram

AO,n —_— Ml,n

| s

~——=Ps,cusp

L A PS
Ml,n Ml,n

where M?’S,’LCUSP denotes the locus of cuspidal curves (see | , Prop. 3.11]). This locus is isomorphic to
Mo 41 via the pinching morphism | , Sec. 2]

=~—=Ps,cusp

MOaHJrl Ml,n

that creates a cusp at the n + 1 marking of the genus zero curve. Therefore, we have that the moduli stack

M?Sn is also a contraction of ﬁl’n whose exceptional divisor is Ay, and that the induced morphism Ag
factors through Mg ,,+1. Then from the uniqueness part of Theorem 6.1 we deduce the following.

Theorem 7.3. The moduli stack Ml’n 1s a weighted blow-up with weights 4 and 6 of the moduli stack M?Sn
of pseudo-stable curves.

Remark 7.4. Theorem 7.3 can be generalized to the birational morphisms appearing in Smyth’s alternative
compactifications of the moduli stack Ml,n (see | ). In particular, at least for n = 3,4,5,6, our
criterion can be used for proving that the morphisms relating the different Smyth’s compactifications can
all be described as weighted blow-ups. This in turn gives a way to compute the integral Chow rings of these
stacks, leveraging the formulas contained in | ]. This application can be found in | |
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APPENDIX A. THE O(m) CASE, BY STEPHEN OBINNA

We will work over an algebraically closed field of characteristic 0. Let X be a smooth and separated
Deligne-Mumford stack with a Cartier divisor £ — X such that £ is also a fibration g : £ — ) of positive
dimensional weighted projective stacks P(ay,...,a,) over a smooth and separated Deligne-Mumford stack
Y. Let N = Ox(€)|e and assume that on every fiber we have N, = Og, (—m). We can then take the
following rootstacks: X,, = X( VE), and &,, = E( VN). This allows us to state the main theorem:

Theorem A.1. There exists a poy, gerbe YV, — Y as well as a smooth and separated Deligne-Mumford stack
Zym completing the diagram below, and such that X, can be recovered as a weighted blow-up of Z,, at Ym
with exceptional divisor &,,.

—

W/

™~
N

O
3
N
3 <

<

Proof. The proof is essentially in two steps.

Step 1. There is a p,,,-gerbe V,,, — Y which fits in the diagram above, such that &, = V,, xy €.

Indeed, recall that p,, gerbes over a Deligne-Mumford stack W are classified by the étale cohomology
H2(W7um). Consider 7 : £ — Y the projection. Since m.0Og¢ = Oy, we have that m.p,, = pm, where the
left hand side is the push-forward of u.,,, on the étale site of £, and the right hand side is p,, on the étale site
of Y. Note that R'm, ., = 0. Indeed, by the proper base change theorem in étale cohomology, it suffices to
check that H*(P, p,,) = 0, where P is a weighted projective stack over an algebraically closed field k. This
follows from the cohomology of the Kummer exact sequence, since the Picard group of P has no torsion.

Therefore the low degree terms of the Leray spectral sequence associated to m and u,, yields an exact
sequence

0— HY (Y, ) = HY(E, porm) — 0 = H2 Y, ) = H2(E, ) = HO(V, R?7, pa).

The morphism « is the restriction of a class on H (€, pm ) along the fibers of . Therefore, to prove the desired
statement, it suffices to check that the root gerbe &( W), which corresponds to a class ¢ € H? (€, tm), has
a section when restricted to the geometric fibers of 7. But this is true, as along the geometric fibers of 7 the
line bundle N, is the m-th power of a line bundle.

Step 2. We check that Ng, |x,, restricts to O(—1) along each fiber of .

Observe that the fibers of &, — V., are weighted projective stacks, as it is true for 7 and &, = YV Xy &.
Let N,, be the pull-back of N to &,,. By how root stacks along a divisor are constructed, and since
N = Ox(€)|e, we have that

Ng [ X = ( m)‘&n
Or in other terms, N, is isomorphic to the m-th power of the normal bundle of &,, in X,,. Then:

(1) N restricts to O(—m) along each fiber of £ — Y, so N,, restricts to O(—m) along each fiber of
Em — Vm, and
(2) the Picard group of the fibers of &, — Yy, is torsion free.



Then Ng,

[ACG11]

[AHR23)
[AKMWO02]

[Alp13]
[AO25|

[AOV O8]

[Art70]
[ATW19]
[BDL25]

[Ces19]
[CTV23|

[Deb01]
[DH21]
[DLPV24]

[EG98]
[Eis95]

[Gir65]
[Gra62]

[Gro03]

[Gro61]
[Gro66]
[GS17]
[HKT16]
[HR19)]
[HR23]

[11106]
[Inc22]
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|x,, Testricts to O(—1) along the fibers of &, — ),,,. Now Theorem 6.1 applies. (]
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